Abstract Promising environmental mechanisms to control malaria are presently underutilized. Water level fluctuations to interrupt larval development have recently been studied and proposed as a low-impact malaria intervention in Ethiopia. One impediment to implementing such new environmental policies is the uncertain impact of climate change on water resources, which could upend reservoir operation policies. Here we quantified the potential impact of the malaria management under future climate states. Simulated timeseries were constructed by resampling historical precipitation, temperature, and evaporation data (1994)(1995)(1996)(1997)(1998)(1999)(2000)(2001)(2002), imposing a 2°C temperature increase and precipitation changes with a range of ±20 %. Runoff was generated for each climate scenario using the model GR4J. ; the irrigation demand was not met on 8.5 more days, on average, per year. Applying the malaria control rule to scenarios with +20 % precipitation decreased the likelihood of flooding by an average of 1.0 day per year. While the malaria control would divert some water away from other reservoir operational goals, the intervention requires 3.3-3.7 % of the annual precipitation budget, which is much less than reduction from potential droughts.
Introduction
Climate change increases variability of precipitation and flow in rivers (Schwarz 1977; Nemec and Schaake 1982; Karl and Trenberth 2011) , as warmer temperatures accelerate evaporation and concentrate precipitation (Oki and Kanae 2006) . The 2007 IPCC report predicted small increases in precipitation up to 10 % in eastern Africa (Giannini et al. 2008) , while the 2014 IPCC report is more agnostic regarding potential climate-driven changes to hydrology in Ethiopia (IPCC 2014) , in part due to its vast geography, marked climatic variation, and relative paucity of monitoring data. Despite the high degree of variance among climate model predictions over the 21st century, a 0.4 mm mo −1 y −1 decrease in precipitation has been observed in southern Ethiopia during the summer and spring , coupled with a 0.03°C y −1 increase in temperature over the same period (Jury and Funk 2013 ; see also Viste et al. 2013 ). Williams and Funk (2011) noted an increasing tendency toward drought in the past two decades in eastern tropical Africa. In the Upper Nile Basin, forecasts predict a greater likelihood of drought (Kim et al. 2008 ). Conway and Schipper (2011) note that a decrease in precipitation could reduce crop production and instigate famine, depending on sociopolitical factors. Variability in water resources associated with climate change also complicates the management of dams (Gleick and Shiklomanov 1989; Burn and Simonovic 1996; Raje and Mujumdar 2010) . Unpredictable flows make the decisions about water releases more difficult and unexpected events, such as floods, could require the development of more cautious management policies (Simonovic and Li 2004) . In regions experiencing extended droughts, the ability to satisfy hydropower demands and human and ecological needs for water supply will be inhibited (Hurd et al. 2004; Christensen et al. 2004) . Trends in precipitation tend to be intensified in runoff, so that decreased precipitation causes very low flows and conversely wet regions receiving modest increases in precipitation could flood unexpectedly from surges in inflow (de Wit and Stankiewicz 2006) . Based on the predicted doubling of greenhouse gases over the twenty-first century (IPCC 2007) , Hailemariam (1999) simulated a temperature increase of 2°C in the Awash Basin, and found −20 % and −10 % precipitation corresponded to a decrease in runoff by 41 % and 25 %, respectively. Due to the uncertain future hydrology when simulating climate change, stochastic methods provide greater range and reliability than can be derived from the historical record (Block et al. 2009 ).
Researchers continue to tease apart the geographical, climatological, and hydrological factors that lead to malaria transmission (e.g. Parham and Michael (2010) ). Some research indicates that climate change will contribute to an increase in malaria (Tanser et al. 2003) , while other studies regard shifts in socio-economic conditions as more important factors than climate change (Reiter et al. 2004; Sutherst 2004; Gething et al. 2010; Chaves and Koenraadt 2010) . Rising temperatures may have contributed to an increase of malaria in highland regions where previously cooler climates inhibited transmission (e.g. Indonesia, Papua New Guinea, Madagascar, and Afghanistan) (Chaves and Koenraadt 2010) . Studies of the east African highlands that found no correlation between rising temperature and malaria transmission have been disputed Shanks et al. 2002; Patz et al. 2002) . Some researchers have contended that climate variability did initiate malaria epidemics (Zhou et al. 2004; Alsop 2007) . In other regions, the range of malaria transmission may be shifting rather than expanding in geographic range (Lafferty 2009; Tonnang et al. 2010) .
Regardless of the potential for more cases of malaria due to climate change, currently malaria produces an estimated annual burden of 660,000 deaths, including the death of one child every minute, and 219,000,000 infections, mostly in sub-Saharan Africa (WHO 2013). While the global incidence of malaria decreased by 17 % and mortality declined by 26 %, in the decade following the establishment of the Millennium Development Goals campaign (United Nations 2013), current methods used for preventing malaria rely on chemical interventions. As mosquitoes continue to develop resistance to insecticides (Norris et al. 2015) , environmental management for vector control is an attractive strategy to reduce malaria transmission (Utzinger et al. 2001; Lizzi et al. 2014) .
Globally, large dams and irrigation schemes increase the risk of malaria transmission by creating additional breeding grounds for malaria vector mosquitoes (Keiser et al. 2005) . Water reservoirs have been found to increase the incidence of malaria in African countries both in the east (Oomen et al. 1979; Roggeri 1985; Ghebreyesus et al. 1999; Kibret et al. 2009 ) and in the west (Atangana et al. 1979; King 1996) . The amplification of malaria by reservoirs is a concern in tropical regions, such as Ethiopia, where new reservoirs are being constructed. Ethiopian hydropower capacity will nearly double with the completion of the 6500 GWhy The new dams built and planned in the Awash Basin (Ejeta et al. 2009 ) and in other regions of Ethiopia may increase the local incidence of malaria. Kibret et al. (2009 Kibret et al. ( , 2012 found that puddles along the shores of the Koka Reservoir harbored Anopheles arabiensis and An. pharoensis mosquitoes. Further, Kibret et al. (2009) found a nearly 20-fold increase in the incidence of malaria less than one kilometer from the reservoir, as compared to locations beyond 5 km. This is consistent with the observed 2.5-km mean flying distance of An. gambiae, a species complex including An. arabiensis (Kaufmann and Briegel 2004) . Moreover, Kibret et al. (2009) found a strong statistical relationship (p < 0.001) between annual case rates and distance to the reservoir. Subsequent work used historical hydrological data to calibrate a baseline model and found few negative consequences of including malaria control as an operational goal of the Koka Reservoir McCartney et al. 2011) . While altering reservoir operation policy has been established in the literature as a potentially effective means of targeting malaria transmission, implications for incorporating malaria control strategies into dam operations under climate change are unknown.
Background
The Koka Reservoir is situated in the upper third of the Awash Basin at an elevation of 2300 m, about 90 km southeast of Addis Ababa, Ethiopia. The climate of the upper Awash Basin is semi-arid and has a rainy season during August and September (Girma and Awulachew 2007; Ejeta et al. 2009 ). Historically, the average precipitation ranges from 4.5 mm in December to 207.3 mm in July with an average annual precipitation of 880 mm (MWR 2008 (Getachew 2014) . The Koka reservoir supplies irrigation water to 69,000 ha of large sugar and fruit plantations downstream of the dam (Halcrow 1989) , and could sustainably supply over 2 times this area (Girma and Awulachew 2007) .
Reservoir management has been proposed as an intervention to limit reservoir-amplified malaria at the Koka Reservoir (Kibret et al. 2009; Lautze et al. 2007; McCartney et al. 2011) , and application of hydrological model has demonstrated the potential feasibility of this strategy . The proposed intervention would lower the elevation of the reservoir pool during the peak malaria transmission season, to interrupt the arthropod-to-human vector cycle. Simulations were used to develop multi-purpose reservoir management, for the Koka Reservoir, to control malaria and flooding, whilst simultaneously maintaining releases for irrigation, environmental flows, and hydropower generation. The simulations showed that a malaria control strategy modifying the reservoir-operating regime was technically feasible and, though slightly reducing dry season power production, could actually increase total hydropower production . The malaria control rule releases more water following the wet season, leading to reduced losses from evaporation and leakage and seepage during the dry season. The water resource effects of coupling climate change and malaria strategies on power and other management objectives, however, are not yet well understood.
Methodology
Our method, summarized in Fig. 1 , consisted of a three-step process of generating climate scenarios, estimating the time series of runoff into the reservoir for the altered climate states, and simulating reservoir operation, while accounting for and preserving stochastic effects. Each step is detailed in the following paragraphs.
Resampling
Based on the historical climate data at the Koka Dam (1994 Dam ( -2002 8°25 'N 39°01'E) (National Meteorological Agency 2002; EEPCo 2008), one-hundred 10-year baseline time series of daily precipitation, temperature, and evaporation were generated by resampling from the historical record (Lall and Sharma 1996) . A daily transition matrix was formed for precipitation based on wet (W) and dry (D) days. Four categories and associated transition probabilities were created, including WW (wet day followed by a wet day), WD, DW, and DD for each month. If, for example, January 1 was a wet day, then a number is randomly generated, and a category is selected for January 2 (either W or D), based on the probabilities in the transition matrix (WW or WD). Using this category, a day was randomly selected from the historical daily January record, with the precipitation and temperature are retained. If it was the Dry category, precipitation is zero. The process continues as described, using a Markov chain process (Fosler-Lussier 1998) . These simulations of precipitation are statistically similar to the historical record (Table S1 ), yet represent a wider range of possible climatic variability, in comparison to the historical record in chronological order, given the sequencing of dry or wet periods not observed in the historical record. The resampling technique was thus conditioned on precipitation only. We refer to these time series of resampled input data (no change in precipitation) as the baseline scenario (see Fig. 1 ). Climate change scenarios were also constructed from these baseline input data to represent the decade 2050-2059 by adding 2°C to all days, evaporation was calculated from temperature using modified Hargreaves (Hargreaves and Allen 2003) , and by varying precipitation increasing/decreasing daily values ranging from ±20 % in 5 % increments (see Fig. 1 ).
Rainfall-runoff model
The daily time series of precipitation and evaporation were used as inputs in the model GR4J (Perrin et al. 2003) to generate inflow to the Koka Reservoir for each 10-year time series. GR4J is a lumped soil moisture accounting model that uses four parameters to generate daily runoff from rainfall. The model parameters are the maximum capacity of the soil to store water (mm), reference capacity of storage during routing (mm), groundwater exchange coefficient, Fig. 1 A schematic describing each step in our methodology of integrating climate change scenarios with reservoir simulation, while accounting for stochastic effects which is the maximum amount of water that can be released or added to the reference capacity (mm), and the time of the peak unit hydrograph (days). We used the GR4J to calibrate the values of the four lumped parameters for the historical rainfall-runoff data, and then input resampled rainfall data into GR4J to generate synthetic runoff as input to the reservoir (see Fig. 1 ).
Reservoir simulation
Inflow and evaporation were inputs to the reservoir simulation model ResSim 3.2 (Klipsche and Hurst 2007) , which was used to simulate operation of the Koka Reservoir. The ResSim model was developed by the Hydrologic Engineering Center of the US Army Corps of Engineers to help engineers and decision-makers plan the operation of hydropower reservoirs and to show stakeholders the implications of different plans (e.g. Teasley and McKinney 2005) . The ResSim ensemble feature, currently in development, allows users to compute a collection of time series per modeling run, facilitating stochastic analysis (Klipsche 2010) . Details of the dam and model parameters can be found in Reis et al. (2011) . A brief summary of the dam operation is provided in Table 1 ; Reis et al. (2011) provides the zones of operation by month, based on elevation of the reservoir pool.
Malaria control rule
Each of the climate change scenarios described above were considered with and without the malaria control rule. The malaria control measure simulated drawing down the water level during the malaria transmission season (mid September -mid November) at a rate (0.5 m mo −1 ) specified to desiccate puddles before larvae of vectors (Anopheles arabiensis and An. pharoensis) could hatch. Key results of the previous work simulating 26 years were as follows: the malaria control measure would result in an overall 5.3 % increase in electricity generation, a 0.2 % decline in the simulated 0.5th percentile of power generation, no impact on meeting the contemporary downstream irrigation demand, and modest reduction in flooding of 4 days over the 26 years ). The positive results using historical time series as input 
Results
In the baseline, the variability and median statistics of the observed daily data (1994) (1995) (1996) (1997) (1998) (1999) (2000) (2001) (2002) appear to be preserved. Supplemental Fig. 1 illustrates net evaporation as boxplots, with whiskers as minimum and maximum values, excluding any outliers. The average precipitation for the available historical data is highest in July and August, and is about 200 mm less in June and 165 mm less in September. Figure 2 shows the monthly water level (masl) in the Koka Reservoir, modeled by ResSim, for the baseline (without malaria control) and malaria control. With malaria control operation, the water recession goal (lowering the water level by at least by 50 cm mo −1 between 15 Sep. -15 Nov) is met on 70 % of all days during that period, which is 31.4 more days each year, on average, than without malaria control. During 9 % of all days during the transmission season, the water level was increasing by over 50 cm mo −1 (due to high inflows), fast enough to flood the larval puddles (as described in Juel (2013)).
Energy generation
With the malaria policy in place, the water level for all months is lower (Fig. 2 ), yet the energy production is greater overall. The malaria control rule increases the annual mean energy by 9 GWh y −1 for the baseline case, and by 7.6 GWh y −1 averaged over all precipitation levels (−20 % to +20 %). The average and 0.5 percentile energy generation, during the dry (Jan-Jun), wet (Jul-Sep), and malaria transmission seasons (Oct-Dec) are shown in Table S2 . In most scenarios, the mean energy generated by the malaria control rule increased during the season of malaria transmission, and remained about the same during the dry and wet seasons. The energy generated at the 0.5 percentile decreased or remained the same throughout the climate scenarios during all seasons. This lowest energy generation was particularly low during the wet season, which follows the dry season when the water level can fall into drought zone, where prescribed releases are low. The energy generation is shown in Fig S2 as the percent exceedence for the baseline and malaria control models, for the median run of the extreme precipitation changes (±20 %). The 5th and 95th percentiles are shown in faint dotted lines to present the range in the modeling runs. In each precipitation scenario, both the magnitude and duration of surplus is greater than that of the deficit energy generation. Figure 3 shows the annual energy generation for the baseline and malaria control models across all precipitation levels. The gain in energy generation as a result of malaria management decreases as precipitation declines. Within each scenario, wetter years had a greater percentage of days with increased in energy due to the malaria management than drier years.
Analysis of flows
Irrigation supply, environmental demand, and flood control were analyzed relative to releases from the Koka Dam. Figure 4 shows the percent exceedance of releases from the Koka dam for the baseline, malaria control, the ±20 % precipitation scenarios. The difference between the −20 % precipitation scenario with and without malaria control is also shown. In the baseline and malaria control models, there are an average 10.4 days and 12.1 days, respectively, of unmet irrigation demand per year, because reservoir releases drop below the flow required for irrigation diversion in months August to June. As shown in the lower right subplot of Fig. 4 , there is very little difference in the releases for the median flows of the 100 runs as a result of the malaria control rule. Over a third of the −20 % precipitation flows, however, cannot meet the irrigation demand. This is illustrated in Fig. 5 , which shows a boxplot for the monthly releases with and without malaria control for −20 % precipitation scenario; the irrigation demand and minimum environmental flows are plotted for reference. The apparent reduction in releases caused by the malaria control rule in August is an artifact of a steep exponential rise in outflow in both models around the 75th percentile; the difference between a release of 16.2 m ). With more water in the system, the wetter climate scenarios met the irrigation demand, environmental flow requirements, and energy targets, and the malaria control rule slightly reduced flooding. For the +20 % P scenario, malaria-control reservoir management reduced the number of floods from 74.4 days to 64.5 days in the ten-year period. There is less than a 4.0 % and 3.5 % probability of exceeding 500 m 3 s −1 for +20 % P and +20 % P MC, respectively (Fig. 4) . ), unmet irrigation demand (day), flooding (day), and unmet demand for minimum environmental flows (day).
Summary

Discussion
This study indicates that a drier future climate will negatively impact the reservoir's ability to meet operational goals (supplying power, irrigation, environmental flows, and reducing floods), more so than altering the reservoir operation to reduce malaria transmission. For example, compared to the baseline, a 10 % decrease in precipitation increased the average unmet irrigation demand by nearly 1.5 months, compared to an increase of just 1.7 days of unmet demand from adding malaria management to the baseline ( Table 2 ). As listed in Table 2 , the main impacts of the malaria rule are increased annual energy generation, decrease in meeting the irrigation demand, and reduced flooding. The malaria control rule increases energy generation overall by releasing more water following the wet season, benefitting from the higher hydraulic head while reducing losses due to evaporation and leakage and seepage over the dry season. The lowest 0.5 percentile of energy generation was reduced by the malaria control measure in the dry scenario, but was reduced much more significantly by the decrease of 20 % in precipitation. Most days of unmet environmental flow demand occurred during the rainy season, when the flow demand simulated in this study was quite high (18 m 3 s −1 ) compared to the 1 m 3 s −1 assumed throughout the year by another study (Seleshi 2007) . As there have not been any detailed studies of the ecology of the Awash River, the ecological flow requirements are uncertain. Flooding increased in the wet scenarios but decreased with the malaria management. We do not suggest that malaria transmission has a direct or linear relationship with hydrological changes, nor that rainfall and reservoir management are the only important factors in regulating malaria transmission rates. Other important factors in the transmission of vector diseases include the nature of human habitation (e.g. added defense against mosquitoes from house screening and bed nets), timely access to health care, and air temperature, which speeds larval hatching times. This study targeted larval habitat, which is an important factor in the arthropod-vertebrate transmission cycle of malaria. Although precipitation and evaporation are altered in the scenarios modeled in this paper, the intervention of lowering the water level was not altered because it is inherently linked to precipitation and inflow.
Our model suggests that operating for malaria control in the future would not necessarily impede the other operational goals of the Koka Reservoir. In the scenario of a much drier climate, malaria management would have to be weighed against conserving water in the reservoir. Any volume losses imposed by the malaria management would present an opportunity cost for future development of irrigated agriculture. This model indicates that volume of releases and number of days of both unmet irrigation demand and minimum environmental flows would be similar with or without malaria control. The lowest percentile of energy reduction from malaria control would only be significant in the very dry scenario. Coordinating the operation of the multiple reservoirs, has the potential to mitigate the energy loss, and, potentially, releases for malaria control following the rainy season could be extracted downstream (African Progress Report 2015) .
Future work could narrow the range of predicted climate scenarios to allow reservoir managers to plan for the most likely scenarios and adopt a robust decision-making approach accounting for multiple purposes including malaria control. In particular, reservoir management could be optimized as a cascade of reservoirs in the Awash Basin. Extensive modeling of reservoir operation under a broad range of climate scenarios has indicated that malaria may be managed without reducing power generation or supply for irrigation demand downstream. The most significant next step would be to implement the reservoir operation rule described in this paper and design a study quantifying the incidence in malaria and other epidemiological indicators in the transmission of malaria.
